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(57) ABSTRACT

A recirculating-ball style gearbox for a vehicle steering sys-
tem is provided. The gearbox has a rack with rack-teeth that
are capable of providing variable ratio steering, where the
rack-teeth are in mesh with the involute-teeth of a tapered
sector gear. The involute-teeth of the sector gear have arrays
of helical meshing lines extending across the meshing sur-
faces of the teeth, wherein the array of helical meshing lines
have leads that decrease in length moving radially outward
across the meshing surfaces.
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1
TAPERED INVOLUTE SECTOR GEAR AND
VARIABLE RATTIO RACK
RECIRCULATING-BALL STYLE STEERING
GEARBOX

TECHNICAL FIELD

This invention relates to a recirculating-ball style steering
system, and more specifically to a recirculating-ball style
steering gearbox having a tapered involute sector gear mesh-
ing with a variable ratio rack.

BACKGROUND

Recirculating-ball style steering systems are used on many
types of automobiles, typically on heavier vehicles such as
trucks and sport utility vehicles. The recirculating-ball style
steering system usually consists of a gearbox that houses a
worm gear that is rotatably linked to a steering wheel on one
end and is connected to a ball-nut rack on the other end. The
worm gear is similar to a ball screw, the threads are filled with
ball bearings that recirculate through the worm gear and
ball-nut rack as the worm gear turns. The ball bearings are
used to reduce friction and unwanted excess clearance
between the worm gear and the ball-nut rack. The ball-nut
rack includes a set of rack-teeth that are in mesh with a sector
gear, having involute-teeth. A sector shaft may extend from
the sector gear and be rotatably linked to a pitman arm, which
may in turn be connected to other steering components to
steer road wheels of the automobile. When the steering wheel
is rotated, the worm gear also rotates which moves the ball-
nut rack in a linear direction. The recirculating-ball style
gearbox provides a mechanical advantage from the steering
wheel to the steerable road wheels. The rack-teeth of the
ball-nut rack in turn rotate the sector gear and sector shaft.
The rotation of the sector shaft in turn rotates the pitman arm,
the pitman arm moves a track rod and set of tie rods which
rotate steerable road wheels of the automobile.

Variable ratio steering has been employed in recirculating-
ball style steering systems. Variable ratio steering means that
the ratio between the rotation of steering wheel and the rota-
tion of the steerable road wheels is not held constant through-
outthe entire rotation of the steering wheel. Depending on the
position of the steering wheel, the road wheels may be more
or less sensitive to rotation of the steering wheel. Typically in
arecirculating-ball style steering system having variable ratio
steering, the steering ratio is higher closer to the maximum
turning positions (left or right) than when the steering wheel
is in a neutral position and the road wheels are straight. The
purpose of the variable ratio steering is to create greater
mechanical advantage for the driver and reduce steering sen-
sitivity when the steering wheel is close to its maximum
turning positions. This lowers hand wheel parking efforts and
gives the operator greater control while parallel parking,
which is essential in large trucks and sport utility vehicles.

Recirculating-ball style steering systems have also utilized
sector gears having involute-teeth that are tapered, but not in
combination with variable ratio racks. Tapered involute-teeth
increase the precision, convenience, and cost-effectiveness of
setting the initial gear mesh load and mesh load maintenance
throughout the life of the gear. Because of the tapered feature
of'the teeth, the sector gear can be adjusted in the longitudinal
direction of the sector shaft to set and adjust the mesh load,
which is a fairly simple procedure. On the other hand, setting
mesh loads for recirculating-ball style steering systems with
straight non-tapered sector teeth is cumbersome, expensive,
and lacks the ability for future adjustments.
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Tapered sector gears, however, have not been compatible
with variable ratio racks. The tapered involute-teeth of the
sector gears have had interference issues with variable ratio
rack-teeth at the lower end of the tooth taper and gap issues at
the upper end of the tooth taper.

It would be desirable to provide a recirculating-ball style
steering system that includes both a variable ratio ball-nut
rack and a tapered sector gear, to allow for variable ratio
steering, precise and cost effective setting of initial gear mesh
load, and the ability for future adjustment of the mesh load
during the life of the vehicle.

SUMMARY

In one aspect of the disclosure, a recirculating-ball style
gearbox for a vehicle steering system having a variable ratio
rack in mesh with a tapered sector gear is provided. The
gearbox has a rack with rack-teeth that are capable of provid-
ing variable ratio steering, where the rack-teeth are in mesh
with the involute-teeth of a tapered sector gear. The involute-
teeth of the sector gear have arrays of helical meshing lines
extending across the meshing surfaces of the teeth, wherein
the array of helical meshing lines have leads that decrease in
length moving radially outward across the meshing surfaces.
The meshing load between the tapered sector gear and the
rack is modifiable by adjusting the position of the sector gear
longitudinally. In the vehicle steering system, the linear
movement of the rack is rotatably linked to the steering wheel
of a vehicle via a ball-nut while the tapered sector gear is
pivotally linked to steerable road wheels of an automobile.

In another aspect of the disclosure, a sector gear having
tapered involute teeth capable of meshing with a variable ratio
rack in a recirculating-ball steering system is provided. The
sector gear has at least one tapered involute tooth that has a
meshing surface that is capable of contacting the teeth of a
variable ratio rack along an array ofhelices, where the helices
have leads that decrease in length moving radially outward
across the meshing surface. The meshing load between the
sector gear and the rack is modifiable by adjusting the posi-
tion of the sector gear longitudinally.

Inyetanother aspect ofthe disclosure, a steering gearbox is
provided having a tapered sector gear in mesh with a concave
meshing surface of a rack. The gearbox includes a rack that
has at least one rack-tooth with a concave meshing surface on
one side of the tooth and a convex meshing surface on another
side of the tooth. The gearbox also include a tapered sector
gear having at least one involute-tooth with a first tooth thick-
ness ata first pitch circle adjacent a first side of the tooth larger
than a second tooth thickness at a second pitch circle adjacent
a second side of the tooth. The at least one involute-tooth of
the sector gear has an array of helical meshing lines extending
across a sector tooth meshing surface, wherein the array of
helical meshing lines have leads that decrease in length mov-
ing radially outward across the sector tooth meshing surface.
The meshing load between the tapered sector gear and the
rack is modifiable by adjusting the position of the sector gear
longitudinally.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is diagram illustrating the radius of the pitch circle
of'a sector gear relative to the pressure angle when a steering
wheel is in a neutral position and road wheels are straight;

FIG. 2 is diagram illustrating the radius of the pitch circle
of'a sector gear relative to the pressure angle when a steering
wheel and road wheels are near a maximum turning position;
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FIG. 3 is a diagrammatic cross-sectional view of a recircu-
lating-ball style steering gearbox, illustrating the linking
between the gearbox and a steering wheel, and the linking
between the gearbox and steerable road wheels of an auto-
mobile;

FIG. 4 is a front view of a tapered sector gear and sector
shaft, illustrating helical contact lines;

FIG. 5 is an isometric bottom front view of the tapered
sector gear and sector shaft of FIG. 4, illustrating the helical
contact lines;

FIG. 6 is a cross-sectional view taken along the line 6-6 of
FIG. 4,

FIG. 7 is a cross-sectional view taken along the line 7-7 of
FIG. 4,

FIG. 8 is a partial isometric view of a tapered sector gear
illustrating the effect of an increase or decrease in the lead of
a helical contact line;

FIG. 9 is a diagrammatic side view of a helical line illus-
trating the diameter and lead dimensions of the helical line;
and

FIG. 10 is a diagram illustrating a right triangle created
when a helical line is pulled into a straight line at its angle of
incline for one complete revolution.

DETAILED DESCRIPTION

Asrequired, detailed embodiments of the present invention
are disclosed herein; however, it is to be understood that the
disclosed embodiments are merely exemplary of the inven-
tion that may be embodied in various and alternative forms.
The figures are not necessarily to scale; some features may be
exaggerated or minimized to show details of particular com-
ponents. Therefore, specific structural and functional details
disclosed herein are not to be interpreted as limiting, but
merely as a representative basis for teaching one skilled in the
art to variously employ the present invention.

FIGS. 1 and 2 illustrate a variable ratio between a sector
gear 20 and a variable ratio rack 22 combination. FIG. 1
shows the sector gear 20 in mesh with a center section 12 of
the variable ratio rack 22. FIG. 2 shows the sector gear 20 in
mesh with an outer section 13 of the variable ratio rack 22.
The radius R, of a pitch circle 14 (shown in FIG. 1 as 14a and
FIG. 2 as 14b) and a pressure angle ©, (located between the
radius R, of the pitch circle 14 and the radius R, of a base
circle 16, which is shown in FIG. 1 as 164 and FIG. 2 as 165)
are larger in FIG. 2 than in FIG. 1, resulting in a larger ratio
when the sector gear 20 is in mesh with the outer section 13 of
the variable ratio rack 22 than when the sector gear 20 is in
mesh with the center section 12 of the variable ratio rack 22.
Please note that R, ®,, and R,, are shown in FIG. 1 as R,
0,,,andR,, and FIG. 2as R ,,, ©,,, and R,,, respectively to
illustrate the variability of the dimensions. The larger ratio
results in a smaller angular movement of the sector gear 20 at
the outer section 13 than the angular movement of the sector
gear 20 at the center section 12 for any given linear movement
of the variable ratio rack 22.

In a recirculating-ball style steering system, variable ratio
steering may be achieved by modifying the pressure angle ©
at different locations along the ball-nut rack. Modifying the
pressure angle O, either increases or decreases the radius of
the pitch circle 14 in sector gear 20. The pitch circle 14 is an
imaginary circle that rolls, without slipping, with a pitch
circle of a mating gear. In the case of a rack type gear, an
imaginary line known as the pitch line 15 (shown in FIG. 1 as
15a and FIG. 2 as 155, which illustrates that the position of
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the pitch line may be variable) corresponds and moves, with-
out slipping, with the pitch circle 14 of the mating circular
gear.

The linear velocity of the sector gear 20 at the pitch circle
14 may be represented by the following equation:

V=R, 0,

Where V is linear velocity of the sector gear 20 at the pitch
circle 14, R, is the radius of the sector gear pitch circle 14, and
w, is the angular velocity of the sector gear 20. The velocity of
the variable ratio rack 22 at the pitch line 15 will be equal to
the linear velocity V of the sector gear 20 at the pitch circle 14,
because these are the imaginary paths of the two gears where
no slippage is occurring. Therefore, increasing the radius R,
of pitch circle 14 of the sector gear 20 while maintaining a
constant linear velocity V of the variable ratio rack 22 will
decrease the angular velocity of the sector gear w, and
decrease sensitivity of the steering system.

The sensitivity ofthe steering system is decreased when the
radius R, of the pitch circle 14 is increased and the linear
velocity V of the sector gear 20 at the pitch circle 14 remains
constant because the ratio between the linear velocity V of the
variable ratio rack 22 (which is equal to the velocity of the
sector gear at the pitch circle V) and angular velocity of the
steering wheel m,, is an unchanging constant. Increasing the
radius R, of the pitch circle 14 while maintaining a constant
linear velocity V of the variable ratio rack 22, will require a
decrease the angular velocity of the sector gear m,, while the
angular velocity of the steering wheel w,, remains constant.
Therefore, by increasing the radius R, of the pitch circle 14,
the ratio between the angular velocity of the steering wheel
and the angular velocity of the sector gear (the ratio being
represented by m,/m,) is increased resulting in a decrease in
the sensitivity of the steering system.

In order to obtain less sensitive steering when the steering
wheel is close to its maximum turning positions, the radius R,
of the pitch circle 14 of the sector gear 20 may be increased
when meshing with the outer section 13 of the variable ratio
rack 22 as compared to the center section 12 of the variable
ratio rack 22. This is achieved by increasing the pressure
angle ®, moving from the center section 12 of the variable
ratio rack 22 to the outer section 13 of the variable ratio rack
22 by adjusting the respective profiles of the rack-teeth. This
is illustrated in FIGS. 1 and 2.

The radius of the pitch circle 14 of the sector gear 20 may
be represented by the following equation:

R,=R;/c0sO,,

Where R, is the radius of pitch circle 14 of the sector gear 20,
R, is the radius of the base circle 16, and ©,, is the pressure
angle. The base circle 16 is the circle from which the involute
profiles of the sector teeth are derived. The pressure angle ©

is the angle between a first line and second line. The first line
being the radius R, of the pitch circle 14 drawn from the
center of the sector gear 20 to the contact point between the
meshing teeth of the sector gear 20 and variable ratio rack 22,
the second line being the radius R, of the base circle 16 drawn
from the center point of the sector gear 20 to a point on the
base circle 16 where the line tangent to the base circle at that
point is perpendicular the radius R, of the base circle 16 and
the tangent line intersects the contact point between the mesh-
ing teeth of the sector gear 20 and variable ratio rack 22. The
tangent line from the base circle 16 that intersects the contact
point between the meshing teeth of the sector gear 20 and
variable ratio rack 22 is also know at the line of pressure 17
(shown in FIG. 1as 17a and FIG. 2 as 175, to illustrate that the



US 9,346,490 B2

5

position of the line of pressure may be variable) and defines
the direction of force between the meshing set of teeth.

Referring to FIG. 3, a cross sectional view of a recirculat-
ing-ball style steering gearbox 24 is illustrated. The recircu-
lating-ball style steering gearbox 24 creates a mechanical
linkage between the steering wheel 26 and steerable road
wheels 28 of a vehicle. The recirculating-ball style steering
gearbox 24 translates the rotational movement 18 of a steer-
ing wheel 26 to a pivoting movement 19 of the road wheels
28.

The recirculating-ball style steering gearbox 24 includes a
worm gear 32 which is rotatably linked the steering wheel 26.
When the steering wheel 26 is rotated, the worm gear 32 also
rotates. The worm gear is linked to a ball-nut 34, which is also
encompassed in the recirculating-ball style steering gearbox
24. Rotational motion of the worm gear 32 translates into
linear motion of the ball-nut 34. The worm gear 32 is similar
to a ball-screw, the threads are filled with ball bearings 36 that
recirculate through the worm gear 32 and ball-nut 34 as the
worm gear 32 turns. The ball bearings 36 are used to reduce
friction and unwanted excess clearance between the worm
gear 32 and the ball-nut 34.

Also included in the recirculating-ball style steering gear-
box 24 is a variable ratio rack 38 that has rack-teeth 40, and a
tapered sector gear 42 that has involute-teeth 44 which are in
mesh with the rack-teeth 40. The illustrated variable ratio rack
38 is an integral part of the ball-nut 34. The rack-teeth 40
provide variable ratio steering by adjusting radius of the pitch
circle R, of the tapered sector gear 42 and the pressure angle
0, between the tapered sector gear 42 and variable ratio rack
38, as shown in FIGS. 1 and 2. Adjustment of the pitch circle
R, of the tapered sector gear 42 and the pressure angle 6,
between the tapered sector gear 42 and variable ratio rack 38
is accomplished because at least one of the rack-teeth 40 has
a concave meshing surface 46 on a first side and a convex
meshing surface 48.

The tapered sector gear 42 is connected to a sector shaft 50
(the sector shaft 50 can be seen FIG. 4), which is also incor-
porated into the recirculating-ball style steering gearbox 24.
The tapered sector gear 42 and sector shaft 50 are fixed
together and provide a pivot point 52 that is grounded relative
to the vehicle. A pitman arm 54 is pivotally linked at one end
to the sector shaft. The other end of the pitman arm 54 is
pivotally linked to a track rod 56 which is pivotally linked to
tie rods 58 and the road wheels 28 through a series of pivot
points 60. A second grounded pivot point 62 is provided to
ensure system stability.

As illustrated in FIG. 4, the involute-teeth 44 of the tapered
sector gear 42 are tapered as you move in a'Y direction. The
taper creates a variable tooth thickness which can be observed
by the cross-sections taken along lines 6-6 and 7-7 of FIG. 4
and illustrated in FIGS. 6 and 7. The center tooth has a tooth
thickness T, at a first pitch circle 64 in the cross section of
FIG. 6 that is greater than the tooth thickness T, at a second
pitch circle 66 in the cross section of FIG. 7. It should also be
observed that the thicknesses of the other two teeth of the
tapered sector gear 42 also decrease with the taper, and each
tooth has a thickness which is smaller in the cross-section of
FIG. 7 than in the cross-section of FIG. 6.

It should further be noted that the tapered sector gear 42
illustrated includes three involute teeth, but the disclosure
should not be construed as limited to sector gears with only
three involute teeth, but should include sector gears with more
or less than 3 involute-teeth.

A mesh load between the tapered sector gear 42 and vari-
able ratio rack 38 may be modified by adjusting the position
of'the tapered sector gear 42 longitudinally in the Y direction
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relative to the variable ratio rack 38. Adjusting the tapered
sector gear 42 in the Y direction relative to the variable ratio
rack 38, allows adjustment of the mesh load because the taper
of the involute-teeth 44 creates variable thicknesses either
creating a loose or tight fit between the involute-tecth 44 and
the rack-teeth 40 depending on the longitudinal position of
the sector gear.

Referring to FIGS. 4 and 5, the involute-teeth 44 of the
tapered sector gear 42 have meshing surfaces 68 that contact
the rack-teeth 40 along an array of helical meshing lines 70
that extend across the meshing surfaces 68. The helical mesh-
ing lines 70 have leads that decrease in length as you move
outward radially along the meshing surfaces 68.

FIG. 8 illustrates how either increasing or decreasing the
leads of the helical meshing lines 70 affects the meshing
surfaces 68 the involute-teeth 44. A helical meshing line 72
calculated from a standard tooth form is shown in between
two other helical meshing lines that have lead values that
deviate from the standard tooth form. A helical line with a
reduced lead value 74 will pull the tooth face inward to create
addition clearance between the involute-teeth 44 of the
tapered sector gear 42 and the rack-teeth 40 of the variable
ratio rack 38. A helical line with an increased lead value 76
will pull the tooth face outward reducing clearance between
the involute-teeth 44 of the tapered sector gear 42 and the
rack-teeth 40 of the variable ratio rack 38, which may be
required to fill any gaps between the involute-teeth 44 and
rack-teeth 40.

Referring to FIGS. 9 and 10, the basic dimensions of heli-
cal lines are illustrated. The lead of a helical line (or helix) is
the vertical dimension of one revolution of the helix, as can be
seen in FIG. 9. The lead of the helix may also be represented
as the vertical leg of a right triangle that is created if you
pulled the helix into a straight line at its angle of incline for
one complete revolution. The short leg of the triangle would
be the equal to mtimes the diameter of the helix D (or D). The
angle between the lead and the hypotenuse of the triangle is
known as the rolling helix angle ©,,_,,.. The mathematical
equation representing lead value of helix in the array helical
meshing lines 70 of the involute-teeth 44 of the tapered sector
gear 42 is represented by the following equation:

Lead = [tal':;f:elix]

Where D is diameter of a helix that is one helix in the array of
helical meshing lines 70 and ©,, ;. is the rolling helix angle.

The mathematical equation representing the rolling helix
angle ® .. of one helix in the array helical meshing lines 70
of the involute-teeth 44 of the tapered sector gear 42 is rep-
resented by the following equation:

-l
O, jer—tan” (tan®, tan®, )

Where 0, is pressure angle between the tapered sector gear
42 and variable ratio rack 38 and O,,,,,, is the taper angle of
the involute-teeth 44 of the tapered sector gear 42 (©
illustrated in FIG. 4).

Utilizing the foregoing equations, the leads of the helical
meshing lines 70 of the sector gear 42 are decreased in length
as you move outward radially along the meshing surfaces 68.
The decrease of the helical leads as you outwardly radially
along the meshing surfaces 68 corresponds to an increase in
steering ratio and increase in pressure angle 0, between the
sector gear 42 and variable ratio rack 38. The leads may range
from 6500 mm to 2000 mm from the most radially inward
helical meshing line to the most radially outward helical

taper 18
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meshing line line, but preferably the leads range from 4500
mm to 3000 mm from the most radially inward helical mesh-
ing line to the most radially outward helical line. The lengths
of the leads may decrease as linear function as you move
radially outward across the meshing surfaces 68 of the invo-
lute-teeth 44; or the lengths of the leads may decrease in steps
as you move radially outward across the meshing surfaces 68
of the involute-teeth 44. The decrease in the lengths of the
leads at each step may range from 50 mm to 350 mm as you
move radially outward across the meshing surfaces 68 of the
involute-teeth 44, but preferably, the lengths of the leads
decrease by 150 mm to 250 mm at each step as you move
radially outward across the meshing surfaces 68 of the invo-
lute-teeth 44.

Decreasing the leads of the helical meshing lines 70 as you
move radially outward along the meshing surfaces 68 creates
addition clearance between the involute-teeth 44 of the
tapered sector gear 42 and the rack-teeth 40 of the variable
ratio rack 38. This additional clearance eliminates interfer-
ence that would otherwise occur between a tapered sector
gear and a variable ratio rack. The combination of a tapered
sector gear and variable ratio rack in a recirculating-ball style
steering system, allows for variable ratio steering, precise and
cost effective setting of initial gear mesh load, and the ability
for future adjustment of the mesh load during the life of the
vehicle.

While exemplary embodiments are described above, it is
not intended that these embodiments describe all possible
forms of the invention. Rather, the words used in the specifi-
cation are words of description rather than limitation, and it is
understood that various changes may be made without depart-
ing from the spirit and scope of the invention. Additionally,
the features of various implementing embodiments may be
combined to form further embodiments of the invention.

What is claimed is:

1. A recirculating-ball style steering gearbox comprising:

arack having rack-teeth capable of providing variable ratio

steering; and

atapered sector gear having involute-teeth in mesh with the

rack-teeth, each involute-tooth having an array of helical
meshing lines extending across a meshing surface,
wherein the array of helical meshing lines has lead
dimensions that decrease in length moving radially out-
ward across the meshing surface.

2. The recirculating-ball style steering gearbox of claim 1,
wherein a mesh load between the tapered sector gear and rack
is modifiable by adjusting a position of the sector gear longi-
tudinally.

3. The recirculating-ball style steering gearbox of claim 1,
wherein the lengths of the leads decrease in steps.
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4. The recirculating-ball style steering gearbox of claim 3,
wherein the lengths of the leads decrease by 100 mm to 300
mm at each step.

5. The recirculating-ball style steering gearbox ofthe claim
1, wherein the tapered sector gear has 3 involute-teeth.

6. The recirculating-ball style steering gearbox of claim 1,
wherein linear movement of the rack is rotatably linked to a
steering wheel of a vehicle via a worm gear and ball-nut.

7. The recirculating-ball style steering gearbox of claim 1,
wherein the tapered sector gear is pivotally linked to steerable
road wheels of an automobile.

8. A sector gear for a recirculating-ball style steering sys-
tem comprising:

at least one tapered involute-tooth having a meshing sur-
face capable of contacting variable ratio rack teeth along
an array of helices, the helices having lead dimensions
that decrease in length moving radially outward across
the meshing surface.

9. The sector gear of claim 8, wherein a mesh load between
the sector gear and a variable ratio rack is modifiable by
adjusting a position of the sector gear longitudinally.

10. The sector gear of claim 8, wherein the lengths of the
leads decrease in steps.

11. The sector gear of claim 10, wherein the lengths of the
leads decrease by 100 mm to 300 mm at each step.

12. The sector gear of claim 8, wherein the sector gear has
3 involute-teeth.

13. A gearbox comprising:

a rack having a least one rack-tooth with a concave mesh-
ing surface on a first side and a convex meshing surface
on a second side; and

atapered sector gear having at least one involute-tooth with
afirst tooth thickness at a first pitch circle adjacent a first
side of the tooth larger than a second tooth thickness at a
second pitch circle adjacent a second side of the tooth,
wherein the at least one involute-tooth has an array of
helical meshing lines extending across a sector tooth
meshing surface, the array of helical meshing lines hav-
ing lead dimensions that decrease in length moving radi-
ally outward across the sector tooth meshing surface.

14. The gearbox of claim 13, wherein a mesh load between
the tapered sector gear and rack is modifiable by adjusting a
position of the sector gear longitudinally.

15. The gearbox of claim 13, wherein the lengths of the
leads decrease in steps.

16. The gearbox of claim 15, wherein the lengths of the
leads decrease by 100 mm to 300 mm at each step.

17. The gearbox of claim 13, wherein the tapered sector
gear has 3 involute-teeth.
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